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We investigate features of the sterile neutrinos in the presence of a light gauge boson Xµ that
couples to the neutrino sector. The novel bounds on the active-sterile neutrino mixings |U`4|2,
especially for tau flavor (l = τ), from various collider and fixed target experiments are explored.
Also, taking into account the additional decay channel of the sterile neutrino into a light gauge
boson (ν4 → ν`e+e−), we explore and constrain a parameter space for low energy excess in neutrino
oscillation experiments.
I. INTRODUCTION
The sterile neutrinos having no known non-
gravitational couplings with the standard model
(SM) particles have been seriously considered to inter-
pret the recent observational anomalies in the neutrino
oscillations, such as Low Energy Excess (LEE) reported
from MiniBooNE [1–6] and LSND [7–10] experiments.
They are also important targets to be discovered in fixed
target and collider experiments [11, 12] when sterile
neutrinos are long-lived.
Since all the fermions in the SM have gauge interac-
tions, it may not be surprising if the sterile neutrinos are
actually charged under some gauge symmetries. As min-
imal attempts to incorporate the gauge interactions of
the sterile neutrinos, we consider two theoretically well
motivated models with additional U(1)X symmetry ex-
tending the SM gauge group 1 :
(i) The U(1)B−L symmetry of the baryon(B) and
lepton(L) numbers [19–21] and the sterile neutrinos
are identified as the right-handed neutrinos carry-
ing the lepton number L = 1.
(ii) The sterile-neutrino-specific U(1)s symmetry and
the sterile neutrino has the charge Qs = 1. All the
SM fermions are singlets [22, 23]
In the two models, the lightest new non-active neutrino
component is commonly called the ‘the sterile neutrino’
and is denoted as ν4 in mass eigenstate. The interactions
of ν4 with the SM fermions depend on the sterile-active
mixings among neutrinos and also the kinetic mixing of
the new gauge boson and the hypercharge gauge boson
(or photon below the electroweak scale). Due to the new
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1 The most generic anomaly free extension of the SM is to gauge
the difference of lepton numbers as well: (Bk −Lk) + (Li−Lj)
where i, j, k = 1, 2, 3 generations [13–15]. Also see [16–18].
gauge interactions, the conventional search do not effi-
ciently cover the parameter space of the models and call
for new strategies. Therefore, our goal is to provide the
theoretical framework to define the proper parameters of
the models and then provide the comprehensive study on
the experimental bounds from existing searches and also
foresee the future expectations.
The paper is organized as follows: The two gauge in-
variant, realistic UV complete models are introduced in
Sec. II then the decay width (and the length) of ν4 is
calculated in Sec. III. The Sec. IV is devoted to the
various experiments from beam-dump experiments such
as CHARM [24] and NOMAD [25], the double-cascade
search at the IceCube with up-going atmospheric neutri-
nos [26], as well as the collider searches from Belle/BaBar
[27, 28] and LEP-I [29]. We evaluate the expected sensi-
tivities on the active-sterile mixing |U`4|2 from the long-
lived particle searches at FASER/FASER2 [30] and SHiP
[31] especially for ` = τ . We conclude our study in Sec. V
suggesting future long-lived particle searches at the inten-
sity frontier can be remarkably useful to probe intriguing
new physics scenarios to explain the low energy excess
in the electron spectrum in neutrino oscillation measure-
ment.
II. MODEL
A. Model A: Gauged U(1)B−L
An extension of the SM gauge group as G = GSM ×
U(1)X with X = B−L is introduced for Model A. There
should be three additional right-handed neutrinos NˆiR
(i = 1, 2, 3) to cancel out the U(1)B−L anomaly [19–
21, 32–35]. The matter content in the model is shown in
Table. I.
The most general gauge invariant Lagrangian is writ-
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2SU(3)c SU(2)L Y B − L
Qˆi = (uˆi dˆi)
T 3 2 + 1
6
+ 1
3
uˆci 3¯ 1 − 23 − 13
dˆci 3¯ 1 +
1
3
− 1
3
Lˆi = (νˆi eˆi)
T 1 2 − 1
2
−1
eˆci 1 1 +1 +1
Nˆc4,5,6 1 1 0 +1
H 1 2 + 1
2
0
Φ 1 1 0 +2
TABLE I: (Model A) Matter field content in interaction
basis. All fermions are left-handed. The index i = 1, 2, 3
is for three generations of fermions. For SM LH
neutrinos, νˆ1 = νe, νˆ2 = νµ and νˆ3 = ντ .
ten in terms of the interaction eigenstates as
L = LSM − 1
4
XµνX
µν
+
1
2
|(∂µ + 2igXXµ)Φ|2 − λΦ
4
(
|Φ|2 − v2Φ
)2
−gX
3
(
QˆiLγ
µQˆiL + uˆiRγ
µuˆiR + dˆiRγ
µdˆiR
)
Xµ
+gX
(
LˆiLγ
µLˆiL + eˆiRγ
µeˆiR + Nˆj′Rγ
µNˆj′R
)
Xµ
−
(
yˆii
′
ν LˆiLH˜Nˆi′R +
λˆi
′j′
R
2
ΦNˆ ci′RNˆj′R + h.c.
)
, (1)
where i = 1, 2, 3, and i′, j′ = 4, 5, 6. The vacuum expec-
tation value (VEV) of Φ is non-vanishing for the spon-
taneous symmetry breaking of U(1)X . The mixings be-
tween six Majorana neutrinos are parametrized by the
PMNS matrix elements UPMNS`i , i = 1, 2, 3 and also by
U`j′ , j
′ = 4, 5, 6 for active-sterile mixings:
ν`L =
∑
i=1,2,3
UPMNS`i νiL +
∑
j′=4,5,6
U`j′N
c
j′L (` = e, µ, τ), (2)
Because of the non-trivial active-sterile mixings, the
neutrinos interact with the X boson (up to the linear
order of Uτ4). In particular, we note that the ν4-νl-X
interaction are allowed especially for ` = τ :
Lν-X ⊃ +gXUτ4ν¯τγµPLν4Xµ +O(|Uτ4|2). (3)
In model A, we focus on the case of m4 > mX and the
total width of ν4 is greatly enhanced by the new gauge
interactions even with a small gauge coupling constant,
gX ∼ 10−6 − 10−4.
B. Model B: Sterile ν-specific U(1)s
As our second choice of the model, we consider a dark
‘sterile neutrino-specific’ gauge interaction with a hidden
U(1)s (s = X) symmetry under which no SM particles
SU(3)c SU(2)L Y s
Qˆi = (uˆi dˆi)
T 3 2 + 1
6
0
uˆci 3¯ 1 − 23 0
dˆci 3¯ 1 +
1
3
0
Lˆi = (νˆi eˆi)
T 1 2 − 1
2
0
eˆci 1 1 +1 0
NˆR 1 1 0 0
νˆs 1 1 0 +1
H 1 2 + 1
2
0
φ 1 1 0 +1
TABLE II: (Model B) Matter field content in
interaction basis. All SM fermions are left-handed. The
index i = 1, 2, 3 is for three generations of fermions.
are charged 2. The particle content and the charge as-
signment of Model B is shown in Table. II.
Having introduced gauge singlet RH neutrinos NR’s,
one U(1)s-charged SM-singlet Dirac neutrino νˆs and also
new scalar field, φ, in Model B, the Lagrangian of the
Model is given as [37]
L = LSM − 1
4
XµνX
µν +
m2X
2
XµX
µ
− γX
2
XµνB
µν − gX ν¯sγµνsXµ −msνˆsνˆs
−
(
yˆjνsNˆRj νˆsφ
† + yˆijν LˆiH˜NˆRj + h.c.
)
. (4)
The newly introduced scalar φ is the SM singlet but
have U(1)X charge QX(φ) = +1. Non-vanishing VEV
of the new Higgs leads to the mixing between νˆs and NˆR
neutrinos. From the Dirac mass mixing, we read U`4 ∼
yˆνsvφ/ms. Taking active neutrino mass as mν ∼ 0.1eV,
we obtain yˆν ∼ 10−12. Depending on a value of yˆνs and
ms, the mixing angle U`4 is determined.
Just as Model A, in the mass eigenbasis, X boson cou-
ples to the active neutrinos as well as the charged SM
fermions via active-sterile mixing and the kinetic mixing:
L ⊃ −gXU`4ν¯`γµν4Xµ − gXγX cos θWQf f¯γµfXµ, (5)
where ν4 is a nearly sterile neutrino in the mass basis,
after diagonalization. Considering the original coupling
gX of order 1 and the kinetic mixing between X and
SM hypercharge boson as γX ∼ O(10−4 − 10−3), the
model containing interactions of Eq. 5 has been suggested
to interpret MiniBooNE/LSND low energy excess with
mX , m4 in the range of MeV-GeV [22, 23]. The best-fit
scenario with |Uµ4|2 ∼ 10−7−10−6 and/or |Uτ4|2 ∼ 10−4
are expected in the literatures, which can be probed by
various long-lived particle searches and rare meson decays
2 In case dark matter of ∼ O(1) TeV is also charged under the
same U(1)s and the sterile neutrino is ∼ O(1) eV, then some
puzzles in the CDM paradigm can be resolved by strong self in-
teractions between DM [36], and νs can behave as dark radiation
in the early universe [37].
33. For model B, when gX ∼ 1, the prompt two body
decay ν4 → ν`+X is allowed unless m4 < mX . However,
even in this case, the three-body decay νs → ν` + `¯`
becomes important as we will study in detail in the next
section.
III. TOTAL WIDTH AND DECAY LENGTH OF
STERILE NEUTRINO
A. Conventional CC/NC decays of sterile neutrino
Even no U(1)X interactions in Model A and Model B
are included, the ν4 decays to neutrinos, electron and
muon and also to neutral pseudocscalar mesons (P 0 =
pi0, η, η′) and vector mesons (V 0 = ρ, ω, φ) by the SM
charged current (CC) and neutral current (NC) interac-
tions through the |Uτ4|2 mixing [38]:
Γ
(NC/CC)
ν4,total
=
∑
`=e,µ,τ
Γ(ν4 → ντν`ν¯`) +
∑
l=e,µ
Γ(ν4 → ντ `−`+)
+
∑
P=pi,η,η′,V=ρ,ω,φ
Γ(ν4 → ντP 0/V 0) (6)
where
Γ(ν4 → ντP 0) = G
2
F
64pi
f2P |Uτ4|2m34 (1− x2P )2, (7)
Γ(ν4 → ντV 0) = G
2
F
2pi
κ2V f
2
V |Uτ4|2m34
×(1− x2V )2(1 + 2x2V ), (8)
Γ(ν4 → `−1 `+1 ντ ) =
G2F
96pi3
|Uτ4|2m54
[
g`1L g
`1
R I2(xντ , x`1 , x`1)
+
(
(g`1L )
2 + (g`1R )
2
)
I1(xντ , x`1 , x`1)
]
,
(9)
Γ(ν4 → ντν`2 ν¯`2) =
G2F
96pi3
|Uτ4|2m54. (10)
The functions I1(x, y, z), I2(x, y, z) are given in Ref. [38].
The leptonic couplings are glL = − 12 + sin2 θW , glR =
sin2 θW and the NC coupling to neutral mesons are
κρ,ωV =
1
3 sin
2 θW , κ
φ
V = − 14 + 13 sin2 θW . fP,V are the
decay constant of each pseudoscalar (P ) and vector (V )
mesons [38].
B. Width with a new light gauge boson
When the new U(1)X interactions are turned on, there
are other decay channels to real or virtual X boson as
are depicted in Fig. 1a and Fig. 1b for m4 > mX and
m4 < mX cases, respectively. Depending on the gX these
decay channels can be dominant over the SM CC/NC
channels.
3 Work in progress.
ν4 ντ
X
(a) ν4 → ντX
ν4 νl
e+
e−
X∗
(b) ν4 → νle+e−
FIG. 1: The decay channels of the sterile neutrino to
virtual and real X boson when m4 > mX (left) and
m4 < mX (right).
• (Model A, m4 > mX): As long as gX ∼> 10−6,
the sterile neutrino ν4 dominantly decays into X
boson and active neutrino ντ (Fig. 1a). The decay
width is given by
Γν4→ντX =
m4g
2
X |Uτ4|2
32pi
(
1− m
2
X
m24
)(
1 +
m24
m2X
− 2m
2
X
m24
)
.
(11)
The produced X boson subsequently decays into
neutrinos, leptons or neutral vector mesons.
• (Model B, m4 < mX): The two-body decay chan-
nel is kinematically forbidden and the three-body
decay mediated off-shell X, ν4 → νle−e+ (Fig. 1b),
is now dominant. The corresponding decay width
is
Γν4→ντe−e+ =
G2X
2
γX
48pi3
|Uτ4|2m54
[
I2(xντ , xe, xe)
+2I1(xντ , xe, xe)
]
(12)
where GX = g
2
X/(4
√
2m2X). Also, there might ex-
ist other decay channels, depending on the sterile
neutrino mass m4.
Due to the new gauge interaction, even when the ef-
fective coupling constants are small as gX ∼ 10−4−10−6
in model A and gXγX ∼ 10−4 − 10−3 in model B, the
total width of sterile neutrino is ∼ 102− 104 times larger
than the conventional width by SM NC/CC interactions
as one can see in Fig. 2. The solid lines correspond to
the SM contributions. The dotted lines are related to
new decay channel in the presence of the light X boson.
IV. CONSTRAINTS AND EXPECTED
SENSITIVITIES ON |Uτ4|2
With the larger decay width of ν4 with the new gauge
interactions, the allowed parameter space of U`4 should
4100 1000500200 300150 150070010
-18
10-16
10-14
10-12
10-10
m4 @MeVD
G n
4ê»U t42 @
Ge
VD
Dec
ay
wid
th m
edia
ted
by
W
⇤ /Z
⇤
(a) model A, m4 > mX
De
cay
wid
th
me
dia
ted
by
W
⇤ /Z
⇤
(b) model B, m4 < mX
FIG. 2: The partial width of the sterile neutrino in
model A and model B.
be reconsidered. We focus on Uτ4 here to be definite
but our method should be applicable to other mixing
parameters as well.
A. The long-lived particle searches
The expected number of signal events Nsig for the fidu-
cial decay region of experiment [L−∆, L] is
Nsig. =
∫ Emax
Emin
dEν4
[
dNν4(Eν4)
dEν4
×
(
e−
L−∆
d − e−Ld
)
×Br(X/ν4 → visible)×Aeff(Eν4)
]
, (13)
where dNν4/dEν4 is the (model dependent) flux of sterile
neutrinos entering into fiducial decay region and d is the
decay width of ν4. More explicitly, d = γν4cτν4 + γXcτX
when m4 > mX , and d = γν4cτν4 when m4 < mX , where
γα is the Lorentz factor for the corresponding particle
α = ν4, X. The detection efficiencies Aeff(Eν4) for each
experiment are given in the references in Table. III. The
sterile neutrinos are produced via the mixing with the
active neutrino so that its flux is given as
dNν4
dEν4
≈ dNντ
dEντ
× |Uτ4|2 × (phase space suppresion)
×(helicity suppression). (14)
where the phase space and helicity suppression factors
are from the nonzero sterile neutrino masses [24]. Here
we assume Uτ4  Max[Uµ4, Ue4] so that only tau neutri-
nos are taken into account. Tau neutrinos are copiously
produced from the decay of mesons, as Ds → τντ , B →
Dτντ .
1. CHARM/NOMAD
From the beam-dump searches using proton beams
from CERN SPS, CHARM (using 400 GeV/c proton
beam and copper target) [24] and NOMAD (using 450
GeV/c and beryllium target) [25] have provided the ex-
clusion limits on active-sterile mixing for tau flavor |Uτ4|2
in the range of sterile neutrino mass m4 = 10 − 290
MeV (CHARM) and m4 = 10 − 190 MeV (NOMAD),
using the signal ν4 → ντe−e+. Without X boson ef-
fects, the largish parameter region up to |Uτ4|2 ∼> 10−4
were probed.[24, 25] but with the X boson, even smaller
mixing |Uτ4|2 ∼ 10−4 − 10−8 can be reached by the ex-
periments. The recasted results of Model A and Model B
are shown in Fig. 3 and Fig. 4, respectively, for the same
mass ranges of sterile neutrino.
2. FASER
FASER [30] (and its upgrade FASER2) is designed to
search for long-lived particles (LLP). The LLPs are pro-
duced in the forward direction of the proton-proton head-
on collision with
√
s = 14 TeV at the interaction point
(IP) of ATLAS detector then reach to the FASER detec-
tor with L ∼ 480m and ∆ ∼ 1.5m. FASER (FASER2),
planned to use 150 fb−1 (3 ab−1) data of LHC Run 3
(HL-LHC), has good sensitivity to active-sterile neutrino
mixings |Uτ4|2, due to its large number of produced neu-
trinos [39]. We show the FASER/FASER2 limits of our
models in Fig. 3 and Fig. 4. Compared to the SHiP ex-
periment, which has advantage in the small mixing region
|Uτ4|2 ∼ 10−4 − 10−8, FASER have strength in heavier
mass region 300 MeV ∼< m4 ∼< 1.67 GeV.
3. SHiP
SHiP [31] is proposed to search for LLP using CERN
SPS proton beam of 400 GeV and the molybdenum tar-
get. SHiP has strength in proton on target (POT) about
2× 1020, which is larger than the older searches such as
CHARM and NOMAD and also the expected background
is claimed to be significantly smaller [41]. We indicate the
expected limits from SHiP search for Model A in Fig. 3
and for Model B in Fig. 4. Thanks to the large POT,
the sensitivity can be low down to the seesaw expected
active-sterile mixing values |Uτ4|2 ∼ 10−8 − 10−10.
5Experiment NPOT or
∫ L dt √s Ep beam L ∆ 〈Eν4〉 95% C.L. limit Ref.
FASER (LHC Run 3)
∫ L dt = 150 fb−1
14 TeV 7 TeV 480m 1.5m ∼ 1 TeV
Nsig ≥ 3
[30, 39, 40]
FASER2 (HL-LHC)
∫ L dt = 3 ab−1
SHiP NPOT = 2× 1020 27.4 GeV 400 GeV 110m 50m [31, 41]
CHARM NPOT = 2.4× 1018 515m 35m ∼ 50 GeV [24, 42]
NOMAD NPOT = 4.1× 1019 29 GeV 450 GeV 835m 290m [25]
TABLE III: The fiducial region, collision energies and the number of protons on target (POT) of long-lived particle
searches in fixed target/head-on collision experiment. For the details on sterile neutrino spectrum, see the references
on the “Ref.” column.
B. Collider searches at Z decays
Regardless of its flavor `, the active-sterile mixings U`4
can be probed by Z-pole search at LEP-I experiment,
including the monojet search of Z decays (Z → j + /ET )
and invisible Z decay width measurement.
1. LEP-I monojet search
DELPHI reported the weak isosinglet neutral heavy
lepton (ν4) search with 3.3× 106 Z bosons at LEP-I ex-
periment. Several separate searches have been performed
e.g., for promptly decaying ν4 → monojet (m4 ∼> 6
GeV), and for long-lived ν4 giving secondary vertices
(1 GeV ∼< m4 ∼< 6 GeV) [29] and provided the bound on
the branching fraction of Z boson as
Br(Z → νν4) < 1.3× 10−6 (95% C.L.) (15)
in a wide window m4 = 3.5 − 50 GeV. Using the rela-
tion Br(Z → νν4) = Br(Z → ν`ν¯`)|U`4|2
(
1− m24
m2Z
)2
×(
1 +
m24
2m2Z
)
and Br(Z → ν`ν¯`) ≈ 0.063, we read the
bound on the active-sterile mixing, |U`4|2 ∼< 2.1 × 10−5
when m4  mZ .
In Model A, m4 > mX , ν4 is short lived. The branch-
ing fraction of X boson also changes the interpretation.
The limit is now read as depicted in Fig. 3:
|U`4|2 < 2.1× 10
−5
Br(X → hadrons) . (16)
In Model B, 1 GeV < m4 < mX , the X boson medi-
ated channels (ν4 → ν`X∗, X∗ → e−e+, µ−µ+,hadrons)
are subdominant. Therefore the bound is similar to the
original DELPHI result as can be seen in Fig. 4.
2. Z boson invisible width
The upper limit of active-sterile mixing U`4 (` =
e, µ, τ) are given by
|Ul4|2 < 1
Br(X → invisible) ·
(
ΓExp.Z→invisible
ΓSMZ→invisible
− 1
)
, (17)
where experimental observation of invisible Z width at
LEP and its SM prediction are [43–45]
ΓExp.Z→invisible = 499.0± 1.5 MeV, (18)
ΓSMZ→invisible = 501.69± 0.06 MeV. (19)
For model A (gauged U(1)B−L), we get
|U`4|2 ∼< 0.0072 (20)
as the 3σ upper limit, fixing the branching ratio of X
boson as Br(X → invisible) ' 50%.
For model B (sterile ν-philic U(1)s), the invisible decay
branching ratio of sterile neutrino Br(ν4 → ν`ν`′ ν¯`′) sup-
pressed by |U`4|4 compared to visible channel branching
ratios ∼ O(1), and the bound becomes
|Ul4|6 ∼<
(
ΓExp.Z→invisible
ΓSMZ→invisible
− 1
)
, (21)
or |U`4|2 < 0.153 for m4 ∼< 1 GeV. For heavier masses
(m4 ∼> 1 GeV), Br(ν4 → ν`ν`′ ν¯`′) ≈ 1 and the bound
becomes |U`4|2 < 0.0036.
C. Collider search at B-factories
1. B-factories (τ decays)
Due to its clear environment for the reconstruction,
τ− → ν4pi−pi+pi− is the most promising channel to ob-
serve the sterile neutrino from tau decays in B-factory
experiment such as Belle and BaBar. We adopt a bound
from Ref. [27] and rescaled it with invisible branching
fraction of X boson (in model A) or ν4 (in model B).
2. B-factories (B decays)
As well as τ decays, the decay of B mesons B → Dτν4
can lead a limit of active-sterile mixing |Uτ4|2. As pointed
out in [28], there is a potential source of background B →
D∗τν4, D∗ → Dγmiss for sterile neutrino lighter than 1
GeV. Thus, we adopt the limit from Ref. [28] only for
m4 ∼> 1 GeV.
6D. Neutrino Telescopes
IceCube neutrino telescope also probes sterile neutri-
nos. The search of double-cascade events with atmosh-
peric (Eν ∼ 5 − 50 GeV) and astrophysical (Eν ∼
60 TeV− 1 PeV) neutrinos are our targets.
1. IceCube-DeepCore double cascade search (atmospheric ν)
As precisely measured by e.g. Super-Kamiokande [46],
the muon neutrinos are copiously produced in atmo-
sphere. The muon neutrino can convert to the our target
(tau neutrinos) by oscillation with the probability:
P (νµ → ντ ) =
∑
j,k
UµjU
∗
τjU
∗
µkUτk exp
(
i
∆m2jkL
2Eν
)
≈ cos4 θ13 sin2 θ23 sin2
(
∆m2jkL
4Eν
)
, (22)
where U are the elements of the 3 × 3 PMNS matrix.
One can notice that the conversion is maximized when
L = 2R⊕, Eν ∼ 25 GeV.
IceCube-DeepCore (inside the IceCube detector vol-
ume) has been designed to detect neutrinos with Eν =
1 − 100 GeV and the effective mass ∼ 10 − 30 Mton,
at 2100− 2400m underground [47]. From the 2015-2016
data, about NντNC = 1.4 × 104 NC tau neutrino events
(ντN → ντN ′) in Eν = 5.6− 56 GeV [48] have been an-
alyzed. Due to the Uτ4 mixing, there are ντN → ν4N ′
events but with the suppressed rate by |Uτ4|2. Once pro-
duced, ν4 will fly about 20 m then leave a a unique event
topology of double-cascade. The event number is esti-
mated as
Nsig. '
∫
dEν
[dNντNC
dEν
×
(
e−
L−∆
d − e−Ld
)
×Br(X/ν4 → visible)
]
, (23)
where L = 300m is the fiducial vertical length of the
DeepCore and L − ∆ = 20m is the minimum length
to distinguish the double-cascade event from the back-
ground events. A similar analysis without the X boson
was done in Ref. [26]. We request Nsig. ≥ 10 to set the
limit.
2. IC-Gen2 double cascade search (astrophysical ν)
The sterile neutrinos are produced from the astrophys-
ical diffuse tau neutrinos. From the 7.5 years data of Ice-
Cube for high-energy starting events (HESE), the flux of
the astrophysical tau neutrino is obtained as [49]
dΦν+ν¯
dEν
= Φ0 × 10−18
(
Eν
100 TeV
)−γ
[
GeV−1cm−2s−1sr−1
]
, (24)
where Φ0 = 6.45
+1.46
−0.46 and γ = 2.89
+0.20
−0.19, for the sum
of all flavors of light SM neutrinos (` = e, µ, τ). The
equal flavor composition (νe : νµ : ντ = 1 : 1 : 1)
is assumed for astrophysical neutrinos. The astrophys-
ical neutrinos can interact with nucleons in the IceCube
detector and the sterile neutrinos are produced by the
process ντN → ν4N ′. The sterile neutrino decays by
ν4 → ντX/ντX∗ as discussed in the previous subsection.
In the range Eν = 60 TeV − 1 PeV, the main candidate
of the SM background is the tau-induced double cascade
[50], which has the characteristic ratio between the de-
posited energy Edep. and the separation of two cascades
Ldec. as Edep./Ldec.|τ -induced ∼ 1PeV/50m. On the other
hand, the ratio is Edep./Ldec.|ν4-induced ∼ 1TeV/m for
the signal events. Therefore, we conclude that the signal
events are distinguishable from the background events.
Unfortunately, however, the expected signal events are
limited by the flux of the astrophysical neutrinos thus we
only get a weaker bound compared to other constraints.
V. CONCLUSION AND DISCUSSION
Sterile neutrinos may have their own gauge charges
and interact with the gauge boson, Xµ. We consider two
U(1)X models in this paper, where X = B − L (Model
A) and X = s, sterile-specific (Model B) as concrete
examples and study phenomenology for various experi-
ments, some are existing and some are planned. Focusing
on Uτ4 mixing between the tau neutrino and the sterile
neutrino, we collect all relevant results from various col-
lider experiments, neutrino telescope, and beam dump
experiments and also provide the future sensitivities for
FASER, SHiP and IceCube upgrade. Our main results
are summarized in Fig. 3 and Fig. 4. In particular the
rectangular shape region in Fig. 4 is the preferred param-
eter space to resolve the short baseline neutrino anomaly
from MinBooNE, LSND [22].
More generic mixings, U`4 for ` = e, µ, τ with general
flavors of active neutrinos, are certainly interesting theo-
retical possibilities even though we focus only on ` = τ in
this paper. Especially, for m4 < 1GeV, the (m4, |Uτ4|2)
parameter region of model A and B will be tested by
the near future searches from the FASER and proposed
experiments, SHiP. [Work in progress]
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